ABSTRACT Antinociceptive actions and effects of intracerebroventricular (i.c.v.) dynorphin-(1-13) (DYN) on morphine (MOR) analgesia and acute tolerance were studied in male Sprague-Dawley rats. Antinociceptive effect against hind paw pressure was produced by 30 ,ug of DYN, but not by 0.5-10 ,u g. Acetic acid writhing was inhibited dose-dependently by DYN at the doses of 2 30 ,u g, and the order of potency of the anti-writhing effect was ,8-endorphin > MOR > DYN >> Met-enkephalin. The anti-writhing effect of DYN that was partially antagonized by naloxone at 10 mg/kg, s.c. in MOR tol erant rats was the same as that in MOR naive rats. The anti-writhing effect of i.c.v.-MOR was increased synergistically by DYN. Continuous s.c. (6 mg/kg/hr) and i.c.v. (7.5,ug/rat/hr) infusion of MOR pro duced antinociception against hind paw pressure, which reached maximum (MAX) and attenuated thereafter during MOR infusion for 6 hr. The attenuation of antinociception was also produced during MOR infusion combined with multiple i.c.v.-injection of DYN. The MAX and area under the anti nociceptive curve during MOR infusion was not affected by multiple injection of DYN, i.e., no effect of i.c.v.-DYN on the development of acute MOR tolerance induced by s.c. and i.c.v.-infusion was observed. In conclusion, the anti-writhing effect of i.c.v.-DYN might not be mediated via mu-receptors, although DYN increased the anti-writhing effect of i.c.v.-MOR synergistically and the development of acute tolerance to MOR (i.c.v., s.c.) was not affected by i.c.v.-DYN.
Dynorphin-(1-13) (DYN), was shown to be a potent opioid peptide during in vitro bioassays on guinea pig ileum and mouse vas deferens (1) , and it has been sug gested as an endogenous opioid ligand for the kappa opioid-receptor subtype (2) . Immunohistochemical stud ies have demonstrated the regional distribution of dynorphin-contaning fibers in the brain (hypothalamus and periaqueductal gray matter) and spinal cord (dorsal horn) (3, 4) . The kappa-opioid-receptor has also been found to have a parallel distribution in these same areas of the central nervous system (5, 6) , which are known to participate in pain modulation. In addition, rats sub jected to the chronic pain of polyarthritis were shown to exhibit a pronounced increase of dynorphin in the spinal cord (7) . These results suggest a physiological role for dynorphin as an endogenous pain-modulator.
The antinociceptive action of dynorphins has been demonstrated by the tail pinch test (8) (9) (10) , hind paw pressure test (11) , acetic acid (AcOH)-induced writhing test (10, 12) and cold water tail flick test (13, 14) , but not by the radiant heat tail flick test (15) .
It is known that, mu-, delta and kappa-opioid-recep tors play important roles in the modulation of pain (16) . Although subtypes of opioid receptors are consi dered as entirely distinct entities, interactions between opioid receptor subtypes have been suggested by bind ing assays (17, 18) . Selective up-regulation of kappa opioid-receptors in several brain regions and spinal cord has been shown in morphine (MOR) tolerant rats (19, 20) and kappa-agonists-induced increase in plasma cor ticosterone has been shown to be potentiated in MOR tolerant rat (21) , but no study on DYN antinociception in the MOR tolerant state has been reported.
A modulatory role of dynorphin on MOR analgesia has been shown by the evidence that DYN, i.c.v. re duced the MOR analgesia in naive mice, but potenti ated it in MOR tolerant ones (15, 22) . However, these findings had been obtained with the radiant heat tail flick test which demonstrated an antinociceptive effect of MOR but not of dynorphin. Cold thermal and mechanical noxious stimuli evoked the release of sub stance P (SP) in the spinal cord, being blocked by dynor phin and MOR (13, 23) . Hot thermal stimuli evoked the release of somatostatin, which was inhibited by MOR (24) , but not the release of SP in the spinal cord (13, 24) . These results may provide some underlying mechanisms for the evidence that MOR is sensitive against mechanical, cold-thermal and hot-thermal stimuli, while dynorphin is sensitive against machanical and cold-thermal stimuli. Therefore, it is questionable whether or not the modulatory effect of dynorphin on MOR analgesia estimated by the assays which can de tect both dynorphin and MOR analgesia is the same as that estimated by the assay which can detect MOR analgesia but not dynorphin analgesia.
Involvement of dynorphin in the development of MOR tolerance has been suggested (22) , and it was re ported that concurrent treatment with U-50,488H, a highly selective agonist for kappa-opioid-receptors, blocked the development of tolerance to MOR (25) . However, the effect of dynorphin on the development of tolerance to MOR has not been reported.
In the present study, the analgesic effects of DYN were reinvestigated by the AcOH writhing test and the hind paw pressure test, and the antinociceptive potency of DYN was compared with those of 8-endorphin, MOR and methionine (Met)-enkephalin by the AcOH writhing test. In addition, the DYN-induced anti nociceptive action in MOR tolerant rats and the DYN effect on MOR antinociception were investigated by the AcOH writhing test. Finally, the DYN effect on the de velopment of acute tolerance to MOR induced by s.c. and i.c.v.-infusion was determined by the hind paw pressure test.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Clea, Japan), weighing 200 300 g, were used. Two rats were housed in each hanging wire cage in an animal room with controlled temperature (23-24°C), humidity (60-70%) and light ing (8:00 20:00) for at least 2 weeks before the experi ments. Food (CA-1, Clea Japan) and water were avail able ad libitum.
Intracerebroventricular injection
Rats were implanted stereotaxically on the skull with a 20-gauge guide cannula (hypodermic injection needle 1/1, Viola) under pentobarbital (50 mg/kg, i.p.) anes thesia, according to the method of de Balbian Vester et al. (26) . The coordinates were: 2 mm left lateral to the sagittal suture and 1 mm caudal to the coronal suture. A dummy stylet was left in the guide cannula until the drug administration. The rats were allowed at least 7 days of postoperative recovery before testing. Intra cerebroventricular (i.c.v.)-injection was made by re placing the dummy stylet with a 29-gauge injection nee dle (hypodermic injection needle 1/5, Viola), which was inserted 5 mm beyond the surface of the skull to bring its tip into the left lateral ventricle. Drugs were i.c.v.-administered in a volume of 10,ul over 30 sec periods using a microsyringe (Hamilton).
The i.c.v.-injection site was verified by injection of cresyl violet dye in the same manner as the i.c.v.-injec tion of drug at the end of experiment.
Antinociceptive assay
Hind paw pressure test: The non-inflamed hind paw pressure threshold was assayed by an analgesy meter (Ugo Basile, Milan, Italy). A force that increased at a constant rate was applied to the dorsal hind paw, and the pain threshold was measured as the grams required to induce the flight reaction (struggle). A cut-off load ing pressure of 1500 g was used to prevent tissue dam age. The basal pain threshold was measured twice, 10 min apart, just before drug administration. The pain thresholds were measured every 10 min for 90 min after DYN, i.c.v. or every 15 min for 6 hr during continuous infusion of MOR (s.c. or i.c.v.).
AcOH writhing test: Rats were injected i.p. with 3% AcOH solution (0.1 ml/ 100 g body weight) 5 min after i.c.v.-injection of the drug, and the writhing syndrome was observed for 60 min after AcOH injection.
Induction of MOR tolerance
Rats were rendered tolerant to MOR analgesia in two ways.
(i) MOR was administered subcutaneously for 3 days (50, 100 and 100 mg/kg/day, divided into two doses, on day 1, day 2 and day 3, respectively). Analgesia was tested on day 4 according to the AcOH writhing method. (ii) MOR was infused subcutaneously (6 mg/kg/hr, 1 ml of injection solution/hr/rat, Roller pump, Furue Science, PR-V) or intracerebroventricu larly (7.5 ,ug/rat/hr, 10 ,ul of injection solution/hr/rat, infusion pump, Truth A-II type) for 6 hr at a constant rate. The pain threshold was estimated during MOR in fusion by the hind paw pressure test.
Drugs
MOR (Morphine hydrochloride, Takeda Pharm.), DYN (dynorphin-(1-13), Peninsula Labo., Inc.), hu man ,8-endorphin (Peninsula Labo., Inc.), methionine (Met)-enkephalin (Peptide Institute, Inc.), acetic acid (Katayama Chem.) and sodium pentobarbital (Som nopentyl, Pitman Moore) were used. All drugs were dissolved in saline. The peptides were stored at -80°C until use and other drugs were freshly prepared im mediately before use. The injection volume for s.c. administration was 0.2 ml/100 g body weight.
Statistical analysis
Values were expressed as the mean ± S.E.M. Data were analyzed by one-way analysis of variance (ANO VA) followed by Newman-Keuls test for multiple com parison, and the two-tailed Student's t-test was used for comparison between groups. AcOH writhing test: Anti-writhing effects of DYN and other opioid agonists: AcOH induced writhing was not affected by saline, i.c.v. (Fig. 2 ). DYN at 2-30 ,ug/rat suppressed writings in a dose-related manner (0 -15 min and 0 30 min: SAL vs . DYN, 30 u g/rat, P < 0.05; 0-60 min: None vs. DYN, 30,ug/rat and SAL vs. DYN, 30 ,ug/rat, P < 0.05), and the suppressive effect of DYN at 30,ug/rat was almost equipotent to that of MOR at 1,ug/rat, i.c.v. (Fig. 2) .
Anti-AcOH writhing potencies of MOR, ,8-endor Table 1 . Anti-writhing effects of dynorphin-(1 13) and other opioid agonists given i.c.v.
phin, Met-enkephalin and DYN, each given i.c.v., were compared ( Table 1) . As Q-endorphin at 1 ,g/rat (pre liminary study), MOR at 1 Mg/rat and DYN at 30 Mg/rat ( Fig. 2 ) almost completely suppressed writhings, i.c.v.-doses of 0.65 ,ug/rat, 0.65 ,ug/rat and 20 ug/rat were selected for the test doses of /9-endorphin, MOR and DYN, respectively. The anti-writhing effects of DYN, ,9-endorphin and MOR were almost the same at the doses used, and the order of potency of the anti writhing effect was 8-endorphin > MOR > DYN, based on the molar doses. The anti-writhing effect of Met-enkephalin, although the dose was prominently larger than that of other agonists, was weaker than those of the other agonists. Although the suppression of writhing by 8-endorphin, MOR and Met-enkephalin were fairly constant for the test period of 0-15, 0-30 and 0-60 min after i.p.-injection of AcOH, the sup pressive effect of DYN tended to decrease test-period dependently. These results may suggest that the dura tion of the suppressive effect of DYN is shorter than that of /3-endorphin, MOR and Met-enkephalin. Naloxone reversal of DYN effect: The effects of naloxone on inhibition of writhing by MOR, i.c.v. and DYN, i.c.v. are shown in Fig. 3 . The animals were pre treated with naloxone, s.c. 5 min before MOR or DYN. No effect of naloxone alone on the AcOH writhing was observed. Although DYN at 30 ,ug/rat in nontreated rats suppressed writhings significantly (0-15 min: SAL vs. DYN, 30,ug/rat, P < 0.05; 0 30 min: DYN, 10 pg/rat vs. DYN, 30 Mg/rat, P < 0.05; SAL vs. DYN, 30,ug/rat, P<0.01; 0-60 min: DYN, 10 ,ug/rat vs. DYN, 30 Mg/rat, P < 0.05; SAL vs. DYN 30 Mg/rat, P < 0.01), the anti-writhing effect of DYN at 30 ,u g/rat was not significant after pretreatment with naloxone at 10 mg/kg, s.c. (0-15 min, 0 30 min and 0-60 min: SAL vs. DYN, 10,ug/rat vs. DYN, 30 pg/rat, P > 0.05). While MOR-induced suppression of writhing was reversed significantly by naloxone, there was no significant difference between writhings after DYN with and without naloxone. Naloxone at 1 mg/kg, which completely antagonized the anti-writhing effect of MOR, did not affect the suppressive effect of DYN (data not shown). It might thus be judged that nalox one at 10 mg/kg partially antagonized the anti-writhing effect of DYN. 
Antinociceptive effect of DYN in MOR tolerant rats
There was no significant difference in the numbers of writhings of naive-saline, i.c.v. and MOR treated saline, i.c.v. rats (Fig. 4) . MOR at 1 ,ug/rat, which pro duced a significant anti-writhing effect in naive rats, did not suppress writhing in MOR treated rats (Fig. 4) , in dicating the development of tolerance to the anti writhing effect of MOR by the 3-day treatment with MOR. DYN at 2-30 ,ug/rat produced a dose-depend ent suppression of writhing in naive rats (0 15 min: SAL vs. DYN, 10 pg/rat; DYN, 2 pg/rat vs. DYN, 10 ,ug/rat and DYN, 2,ug/rat vs. DYN, 30,ug/rat, P < 0.05; SAL vs. DYN, 30,ug/rat, P < 0.01; 0-30 min: DYN, 2,ug/rat vs. DYN, 30,ug/rat, P < 0.05; SAL vs. DYN, 30,ug/rat, P < 0.01; 0-60 min: SAL vs. DYN, 30 pg/rat and DYN, 2,ug/rat vs. DYN, 30 mg/rat, P < 0.05). The intensity of DYN-induced suppression of writhing in MOR tolerant rats was the same as that in naive rats (Fig. 4) . These results show clearly that there is no significant influence of MOR tolerance on the antinociceptive effect of DYN. 
Effect of DYN on MOR antinociception
The influence of DYN on MOR antinociception was estimated by the AcOH writhing test (Fig. 5) . The rats were pretreated with DYN at 2 30 ,u g/rat at 30 min before MOR i.c. Infusion of MOR (6 mg/kg/hr, s.c.) produced an in crease in pain threshold, which attained maximum (maximum effect, MAX) at 135 min of MOR infusion and gradually waned in spite of the continuous infusion of MOR (135 min-360 min: F(15,80) = 9.39, P < 0.01; Fig. 6 ). This result indicates that acute tolerance to MOR antinociception was developed by s.c.-infusion of (Fig. 7) . This result indicates that the acute tol erance to MOR antinociception was also developed by i.c.v.-infusion of MOR within 6 hr. DYN at 2-30 pg/rat, i.c.v. was injected 4 times; i.e., after 1, 2, 3, and 4 hr, of MOR infusion. No signi ficant changes of MAX were produced by DYN at 2 30 pg/rat, i.c.v. A decrease in the pain thresholds fol lowed MAX during MOR infusion combined with DYN and the decreases in the groups treated with DYN at 2, 10 and 30 u g were significant (75 min 360 min: F(19,100) = 2.41, P < 0.05; 75 min-360 min: F(19,80) = 2 .34, P < 0.05; 90 min-360 min: F(18,76) = 2.61, P <0.01, respectively), indicating the development of MOR tolerance even with the coadministration of DYN. The AUCs for groups given MOR combined with saline, i.c.v., DYN at 2 pg/rat, DYN at 10 pg/rat and DYN at 30 pg/rat were 143.9 ± 42.1 (n = 3), 86.5 ± 27.2 (n = 6), 101.8 ± 27.1 (n = 5) and 99.9 ± 38.7 (n = 5), respectively. There was no significant differ ence among the AUCs in each group. Single treatment with DYN at 2-30 ug/rat 1 hr after or 5 min before the i.c.v.-infusion of MOR also did not affect the AUC and MAX (data not shown). These results indicate that the development of acute tolerance by continuous i.c.v.-MOR-infusion was not influenced by DYN at 2 30 pg/rat, i.c.v.
DISCUSSION
The antinociceptive effect of DYN at 30 pg/rat, i.c.v. was demonstrated by the hind paw pressure test (Fig. 1) , and the degree of increase in pain threshold was the same as that reported by Hayes et al. (11) . A dose-related antinociceptive effect of DYN at 2-30 pg/rat, i.c.v. was also detected by the AcOH writhing test in rats (Fig. 2) as in mice (10, 12) . The abnormal behavior, barrel-rolling, was elicited by DYN, dis appearing within 2-3 min and 7-10 min after DYN at 10 and 30 ug/rat, i.c.v., respectively. The estimation of pain thresholds by the hind paw pressure test started at 10 min (Fig. 1) or 15 min (Figs. 6 and 7) after DYN. AcOH solution was injected 5 min after DYN, and writhings were observed for 60 min after AcOH. It is thus assumed that the influence of DYN induced abnor mal behavior on hind paw pressure and AcOH writhing tests might be minimal. A large dose of naloxone (10 mg/kg, s.c.), which had no suppressive effect on the abnormal behavior induced by DYN, in agreement with a previous paper (8) , partially antagonized the anti writhing effect of DYN at 30 pg/rat. Therefore, it is suggested that.the anti-writhing effect of DYN is medi ated by the kappa-receptor, for which naloxone has low affinity (27) .
The potency of the anti-writhing effect of DYN was compared with those of /3-endorphin, MOR and Met enkephalin (Table 1) . Based on the molar dose that produced almost equi-antinociceptive effects, the order of potency of the anti-writhing effect was ,6-endorphin, MOR, DYN and Met-enkephalin. Our results, showing that the anti-writhing potency of Met-enkephalin (delta agonist) was much lower than those of other agonists (mu or kappa-agonist) are in agreement with the re ports that antinociception against a visceral chemical nociceptive stimulus (AcOH writhing) involves agonist interaction with mu and/or kappa-receptors (28, 29) . The present results are also consistent with previous re ports that the antinociceptive effects of MOR, i.c.v. are more potent than those of DYN, i.c.v. as estimated by the hind paw pressure test (11) , tail pinch test (9) and AcOH-writhing test (10) , and that 8-endorphin, i.c.v. was more potent than dynorphin- (1-17) , i.c.v. in the cold water tail flick test (14) .
Recently, Gulati and Bhargava (20) reported that the brain and spinal cord kappa-receptors were up-regu lated in MOR tolerant mice. Actually, it had been re ported that the cataleptic effect of DYN, i.c.v. was po tentiated in rats tolerant to a mu-opioid-agonist, sufen tanyl (30) , and that the elevation of plasma corticoste rone induced by kappa-agonists was more prominent in MOR tolerant rats than in naive ones (21) . However, there has been no report on the antinociceptive effect of DYN, i.c.v. in MOR tolerant rats. The present study provides evidence that the anti-writhing effect of DYN was neither potentiated nor decreased in MOR tolerant rats (Fig. 4) . The cataleptic effect of DYN was partially reversed by large doses of naloxone (8) but it is not clear whether or not the cataleptic effect is mediated by kappa-receptors (30) . Both the plasma corticosterone increase induced by kappa-agonists (21, 31) . and DYN antinociception are thought to be mediated by kappa receptors, but the influence of MOR tolerance on the kappa agonists-induced increase in plasma corticoste rone and DYN-antinociception were not identical. This difference may result from the different sites of action that participate in plasma corticosterone increase and antinociception.
Very controversial results were obtained about DYN effects on MOR analgesia. An antagonistic effect of DYN, i.c.v. on MOR (s.c. or i.c.v.) analgesia in naive mice has been shown by the radiant heat tail flick test (15, 22) . However, in the present study, DYN, i.c.v. rather augmented MOR (i.c.v.) analgesia in naive rats by the AcOH writhing test (Fig. 5) . MOR has been shown to inhibit the SP release evoked by mechanical stimuli from the spinal dorsal horn of the rabbit (23) and that evoked by high K+ from superfused slices of the rat spinal trigeminal nucleus (32) . Dynorphin-(1 17), i.c.v. has been shown to reduce SP release from the rat spinal dorsal horn evoked by noxious cold sti mull (13) and from the trigeminal nerve evoked by electrical trasmural stimulation of the rabbit iris sphinc ter muscle (33) . These results suggest that antinocicep tion produced by MOR and DYN have at least in part a common underlying mechanism, inhibiting SP release. A noxious heat stimulus was found to produce no signi ficant increase in SP release from the spinal dorsal horn (13) and the antinociceptive effect of DYN could not be demonstrated by the radiant heat tail flick test (15) . Therefore, if a visceral nerve stimulus by AcOH in creases SP release from the spinal dorsal horn, the pres ent result that the anti-writhing effect of MOR was aug mented by DYN may be explained by the mechanism that MOR and DYN reduce SP release synergistically.
On the other hand, the hot thermal stimulus in creased somatostatin (SST) release, but not SP, in the rabbit spinal dorsal horn and MOR inhibited the re lease of SST (24) . As MOR analgesia can be demon strated by analgesic assays using both mechanical and hot thermal stimuli (28) , it is suggested that one of the mechanisms of MOR analgesia is due to the inhibition of SP or SST release induced by noxious stimuli. Dynorphin-(1-17), i.c.v. inhibited SP release, but not SST release (13) . These results led us to assume that dynorphin may be ineffective on MOR analgesia esti mated by the radiant heat tail flick test. In fact, the synthetic opioid agonist, [D-Pro"']-dynorphin-(1-11), which is a highly potent and selective ligand for kappa receptors, did not affect MOR analgesia estimated by the radiant heat tail flick test (12) , and U-50,488H, which is a kappa-agonist that reduces the SP release evoked by noxious cold stimuli (13), did not affect the MOR analgesia estimated by hot plate test (24) . Further more, DYN, s.c. potentiated the MOR-induced depres sion of the respiratory rate in mice (34) . In the pres ent study, DYN potentiated MOR antinociception esti mated by the AcOH writhing test (Fig. 5 ), but did not affect MOR antinociception estimated by the hind paw pressure test (Figs. 6 and 7) , and DYN antagonized MOR antinociception estimated by the radiant heat tail-flick test (15, 22) . These results suggest that DYN modulates MOR action, but the effects of DYN are dependent upon the action of MOR and the assay methods to estimate MOR action.
The involvement of dynorphin in MOR tolerance have been suggested by evidence that the action of DYN on MOR analgesia in a naive state was different from that in the MOR tolerant state (22) , but the direct evidence of DYN action on the development of MOR tolerance has not been reported. Analgesic tolerance to i.c.v.-, intrathecal (i.t.) and i.c.v. + i.t.-MOR had been reported to be different (35) . It is known that MOR is distributed in both brain and spinal cord after s.c.-injection, but predominantly into the brain after i.e. v.-injection. Then the effects of DYN on acute MOR tolerance developed by s.c. and i.c.v.-MOR infusion were investigated.
Acute tolerance was developed during continuous s.c.-infusion of MOR for 6 hr (Fig. 6 ), being consistent with the previous report (36) These results are incompatible with the report that the development of tolerance to MOR analgesia was blocked by the systemic coadministration of a selective kappa-opioid-agonist, U-50,488H (25) . This discrepancy may be caused at least in part by the following two dif ferences: i) Difference in the duration of action of DYN and U-50,488H: DYN was degraded largely with in 10 min during in vivo incubation (8) , and the anti nociceptive effects of DYN were evident for 20 min (Fig. 1 ) 60 min (Table 1) . On the other hand, U 50,488H (25 mg/kg, i.p.) showed antinociception for 240 min (19) and hypothermia for 90-240 min (19, 37) . ii) Difference in the model of MOR tolerance: The acutely developed tolerance (within hours) is different from the slowly developed one (for several days); i.e., the former is blocked but the latter is not blocked by cycloheximide, a protein synthesis inhibitor (38) . MOR tolerance in the present experiment was developed within 6 hr, while that in the previous report (25) was developed for 3 7 days.
